Coon SD, Rajendran VM, Schwartz JH, Singh SK. Glucosedependent insulinotropic polypeptide-mediated signaling pathways enhance apical PepT1 expression in intestinal epithelial cells. Am J Physiol Gastrointest Liver Physiol 308: G56 -G62, 2015. First published November 6, 2014 doi:10.1152/ajpgi.00168.2014.-We have shown recently that glucose-dependent insulinotropic polypeptide (GIP), but not glucagon-like peptide 1 (GLP-1) augments H ϩ peptide cotransporter (PepT1)-mediated peptide absorption in murine jejunum. While we observed that inhibiting cAMP production decreased this augmentation of PepT1 activity by GIP, it was unclear whether PKA and/or other regulators of cAMP signaling pathway(s) were involved. This study utilized tritiated glycyl-sarcosine [ 3 H-glycylsarcosine (Gly-Sar), a relatively nonhydrolyzable dipeptide] uptake to measure PepT1 activity in CDX2-transfected IEC-6 (IEC-6/CDX2) cells, an absorptive intestinal epithelial cell model. Similar to our earlier observations with mouse jejunum, GIP but not GLP-1 augmented Gly-Sar uptake (control vs. ϩGIP: 154 Ϯ 22 vs. 454 Ϯ 39 pmol/mg protein; P Ͻ 0.001) in IEC-6/CDX2 cells. Rp-cAMP (a PKA inhibitor) and wortmannin [phosophoinositide-3-kinase (PI3K) inhibitor] pretreatment completely blocked, whereas neither calphostin C (a potent PKC inhibitor) nor BAPTA (an intracellular Ca 2ϩ chelator) pretreatment affected the GIP-augmented Gly-Sar uptake in IEC-6/CDX2 cells. The downstream metabolites Epac (control vs. Epac agonist: 287 Ϯ 22 vs. 711 Ϯ 80 pmol/mg protein) and AKT (control vs. AKT inhibitor: 720 Ϯ 50 vs. 75 Ϯ 19 pmol/mg protein) were shown to be involved in GIP-augmented PepT1 activity as well. Western blot analyses revealed that both GIP and Epac agonist pretreatment enhance the PepT1 expression on the apical membranes, which is completely blocked by wortmannin in IEC-6/CDX2 cells. These observations demonstrate that both cAMP and PI3K signaling pathways augment GIP-induced peptide uptake through Epac and AKT-mediated pathways in intestinal epithelial cells, respectively. In addition, these observations also indicate that both Epac and AKTmediated signaling pathways increase apical membrane expression of PepT1 in intestinal absorptive epithelial cells.
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THE PROTON (H ϩ )-peptide cotransporter (PepT1) is a member of the larger family of peptide transporters that is found primarily in the kidney and in absorptive epithelial cells in the small intestine (12) . PepT1 located on the brush border membranes of villus cells mediates di-and tripeptide absorption in the small intestine (2) . PepT1-mediated peptide absorption driven by H ϩ gradient is coupled to Na:H exchange isoform-3 (NHE3) that recycles H ϩ across brush border membranes in intestine (34) . PepT1 has been shown to be regulated by hormones such as insulin, thyroxin, and leptins that influence energy balance, food consumption, and appetite (5, 13, 27, 28, 54) . In recent studies, we have shown that glucose-dependent insulinotropic polypeptide (GIP), but not glucagon-like peptide-1 (GLP-1), stimulates glucose and dipeptide absorption by increasing SGLT1 and PepT1 activities, respectively, in the murine jejunum (10, 52) . Postprandially, the duodenal neuroendocrine cells secrete the incretin hormones GIP (from mucosal K cells) and GLP-1 (from L cells) into the portal circulation (62, 64) . Both GIP and GLP-1 stimulate insulin secretion and play important roles in blood glucose homeostasis (7) . In addition to stimulating insulin secretion, GIP also directly activates SGLT1-and PepT1-mediated glucose and dipeptide in murine jejunum, respectively (10, 52) . The cAMP, Ca 2ϩ -inositol phosphate, phosophoinositide-3-kinase (PI3K), and Ca 2ϩ -calmodulin-dependent pathways are the major signaling pathways that regulate biological processes. Of these four pathways, the cAMP and the Ca 2ϩ -inositol phosphate pathways have been shown to regulate a wide array of nutrient transporters (20, 30, 65) , whereas PI3K-and Ca 2ϩ -calmodulin-regulated pathways have been shown to regulate the nutrient transporters only to a lesser extent in the epithelial cells (26, 31, 46) . Activation of GIP receptor (GIPR) has been shown to release cAMP and PI3K in various cell types (14, 16, 18, 36) . GIPR splice variants expressed in different tissues including pancreatic ␤-cells have been shown to be regulated by distinct signaling pathways (24, 38, 66) . In our recent studies, there is a possibility of multiple GIPRs expressed on the basolateral membranes of mouse jejunal villus cells and, upon stimulation of GIPR, enhanced PepT1-mediated peptide absorption in a cAMP-dependent manner (10) . However, it is not known which signaling pathway(s) augment the PepT1-mediated peptide absorption in intestinal epithelial cells. The aim of the present study was to validate a cellular model of a differentiated, peptide-absorbing intestinal epithelium and to use 3 H-glycyl-sarcosine (Gly-Sar; a nonhydrolyzable peptide) to study the intracellular signaling pathways that participate in the augmentation of PepT1 by GIP.
METHODS

Cell culture and transfection.
A rat intestinal crypt-like epithelial cell line (IEC-6) was transfected with the homeobox protein gene CDX2 (Origene), a transcription factor that induces epithelial cell differentiation (44, 45) . In brief, IEC-6 cells were grown to 80% confluence and transfected with the CDX2 plasmid (1 g) by use of Lipofectamine (5 l). Three days following CDX2 transfection, G418 (400 g/l) was added to select for stably CDX2-transfected IEC-6 (IEC-6/CDX2) cells. CDX2 expression was verified by PCR analysis of RNA isolated from IEC-6/CDX2 cells by use of primers supplied with the plasmid (Origene, data not shown). The IEC-6/CDX2 cells grown in 75 ml flasks with DMEM medium supplemented with 10% FBS and insulin (50 pmol/l) at 37°C with 10% CO 2 atmosphere were split every 2-3 days. IEC-6/CDX2 cells grown to 80% confluence in flasks were transferred to Matrigel-coated Transwell plates (Corning). IEC-6/CDX2 cells were grown for 3-5 days postconfluent to form a differentiated/polarized monolayer on the Transwell plates and used for Western blot analyses and peptide uptake studies.
Western blot analyses were performed to determine whether the 3-5 days postconfluent polarized IEC-6/CDX2 monolayers express features of villus cells of intestinal epithelium. GIPR, GLP-1 receptor (GLP-1R), and PepT1 specific proteins were enhanced and/or primarily expressed in IEC-6/CDX2 cells compared with that in IEC-6/wildtype (IEC-6/WT) cells (Fig. 1) . Similar expression levels of Ecadherin, an adhesion transmembrane protein indicates that the enhanced and/or primary expression of GIPR, GLP-1R and PepT1 specific proteins seen is specific to IEC-6/CDX2 cells (Fig. 1) . GIPR and GLP-1R specific antibodies used for Western analyses are widely used to detect these receptors in several other tissues (6, 22, 43, 63) . In addition to Western blot analyses, we also measured H ϩ -gradientdriven 3 H-Gly-Sar uptake in IEC-6/CDX2 and IEC-6/WT cells. As shown in Fig. 2 , IEC-6/CDX2 cells exhibited severalfold higher rates of Gly-Sar uptake compared with IEC-6/WT cells. These observations establish that IEC-6/CDX2 cells exhibit features of differentiated villus-like cells with mature functional nutrient transport processes. As such, further characterization of the regulation of PepT1 activity by GIP was pursued in IEC-6/CDX2 cells.
Uptake studies. Gly-Sar (100 M) uptake was measured in both IEC-6/CDX2 and IEC-6/WT monolayers grown 3-5 days postconfluence on Transwell plates. The monolayers were washed and incubated in Leibovitz L-15 medium supplemented with FBS (10%) and insulin (50 pmol/l) at 37°C for 1 h. Subsequently, both the mucosal and serosal sides were washed briefly and incubated for 5 min in Na-HEPES buffer (in mM: 130 NaCl, 4.5 KC1, 1.2 KH 2PO4, 1.0 MgSO4, 1.25 CaC12, 20 HEPES, pH 7.4) at room temperature. Uptake was initiated by replacing mucosal medium with uptake medium (400 l). Uptake medium contained 3 H-Gly-Sar (100 M) and either Na-HEPES (pH 7.4) or Na-HEPES (pH 6.0) buffer. Following a 5-min incubation period, uptake was arrested with 1 ml ice-cold stop solution (uptake buffer without radioactive tracer), after which the cells were lysed in 500 l 1 N NaOH. The cell lysates were used for protein assay (10 l) and 3 H-Gly-Sar radioactivity measurement in a scintillation counter (Beckman Instruments).
3 H-Gly-Sar uptake was expressed as picomoles per milligram protein.
Drug treatments. The IEC-6/CDX2 and IEC-6/WT cells were grown in Transwell plates for 3-5 days postconfluence washed and incubated in Leibovitz L-15 medium at 37°C for 15 min. Either GIP or GLP-1 (0.1 M each, Bachem) was added to the basolateral medium (i.e., lower chamber of the Transwell plate) and incubated for an additional 45 min. Based on previous studies, Gly-Sar uptake experiments had either Rp-cAMP (50 mM; adenosine 3=5=-cyclicmonophorothioate, RP isomer triethyl ammonium salt; Calbiochem (19, 57) , calphostin C (200 nM) (35, 49) ; BAPTA (5 mM) (3, 19) or wortmannin (200 nM) (11, 55) inhibitors added either alone or simultaneously with GIP to IEC6-CDX2 monolayers. The effects of 8-pCPT-2=-O-Me-cAMP [an Epac (exchange protein directly activated by cAMP) agonist; Tocris Biosciences] (17, 32) and 8Br-cAMP (a PKA agonist; Calbiochem) (8, 9) were also examined and compared with GIP-treated cells in Gly-Sar uptake studies.
Biotinylation and Western blotting. Apical membrane from IEC-6/WT and IEC-6/CDX2 cells was isolated by using a protein biotinylation kit per the manufacturer's instructions (Pierce). Briefly, IEC-6/WT and IEC-6/CDX2 cell monolayers grown for 3-5 days postconfluence were washed and incubated (both upper and lower chambers) in Leibovitz L-15 medium for 1 h at 37°C. Fifteen minutes following initiation of incubation in Leibovitz L-15 medium, GIP was added to the basolateral chamber and was incubated for an additional 45 min with AKT inhibitor-15 (AKT antagonist). Various agonists were also added in the absence of GIP including an 8-pCPT-2=-OMe-cAMP (Epac agonist) and 8Br-cAMP (a PKA agonist). Biotinylation solution was placed in the upper (apical) chamber of the Transwell plate and incubated on a shaker. Following 30-min incubation at room temperature, the reaction was stopped and the cells were scraped into RIPA buffer (Boston BioProducts). Protein concentration was measured by the Bradford method. Proteins (100 g) were resolved by use of 20%-gradient premade agarose gels and Accugene Tris-glycine-SDS running buffer (Lonza) and were transferred by use of a Transfer buffer (Boston BioProducts) containing 20% methanol onto nitrocellulose membranes (Bio-Rad). The blots were probed with anti-PepT1, anti-GIPR, anti-GLP1R, or anti-E-cadherin antibodies (1:1,000; Santa Cruz) and the appropriate HRP-secondary antibody 3 H-Gly-Sar absorption was measured for 5 min in 3-5 days postconfluent IEC-6/WT and IEC-6/CDX2 cells grown on Transwell plates. Gly-Sar absorption was measured both in the presence (mucosal vs. serosal pH: 6.5 vs. 7.5) and in the absence (mucosal vs. serosal pH: 7.5 vs. 7.5) of a pH gradient. Absolute Gly-Sar uptake values presented were calculated by subtracting uptake with apical pH 7.5 from that of uptake in apical pH 6.5. Results presented represent means Ϯ SE from triplicate assays from four different cultures. P Ͻ 0.02 compared with control.
IEC-6/WT
IEC-6/CDX2 GIPR GLP1R PepT1 E-cadherin Transwell plates resolved on PAGE gel electrophoresis were transferred to nitrocellulose membranes. The blots were probed with glucose-dependent insulinotropic polypeptide (GIP) receptor (GIPR), glucagon-like peptide-1 (GLP1) receptor (GLP1R), H ϩ peptide cotransporter (PepT1), and E-cadherin specific primary antibodies and developed as described in METHODS.
(1:5,000; Santa Cruz). SuperSignal West Pico Chemiluminescent Substrate kits (Pierce) were used to expose the blots on HyBlot CL film (Denville). E-cadherin used as an internal loading control.
Statistical analyses. The results presented represent means Ϯ SE of triplicate assays from four different experiments. Statistical analyses were performed by unpaired or paired Student's t-test by use of GraphPad analysis software. A P Ͻ 0.05 is considered statistically significant.
RESULTS
Initial studies established that IEC-6/CDX2 cells grown on Transwell plates exhibited characteristics of differentiated intestinal absorptive epithelium with enhanced GIPR, GLP1R, and PepT1 specific protein expression and increased rates of Gly-Sar uptake ( Figs. 1 and 2 ). Thus all further experiments were performed to determine whether incretin hormones applied to the basolateral side of IEC-6/CDX2 monolayers would increase Gly-Sar uptake across the apical membrane. As shown in Fig. 3 , GIP enhanced the Gly-Sar absorption by nearly 2.5-fold in IEC-6/CDX2 cells (control vs. GLP1: 154 Ϯ 22 vs. 454 Ϯ 45 pmol/mg protein; P Ͻ 0.001). In contrast, GLP1 did not significantly alter the Gly-Sar absorption in IEC-6/CDX2 cells (control vs. GLP1: 154 Ϯ 22 vs. 144 Ϯ 25 pmol/mg protein). These observations establish that GIP, but not GLP1, augment Gly-Sar absorption in intestinal epithelial cells.
To determine which of the four major intracellular signaling pathways (i.e., PKA, PKC, PI3K, and Ca 2ϩ -calmodulin-dependent pathways) regulate the GIP enhanced PepT1 activity, the effect of Rp-cAMP (a competitive inhibitor of cAMP action), calphostin C (a potent PKC inhibitor), BAPTA (an intracellular Ca 2ϩ chelator), calmodulin (BAPTA), and PI3K (wortmannin) pathways were assessed for their effect on GIP-augmented PepT1 activity. As shown in Fig. 4 , GIP-stimulated PepT1 activity was inhibited nearly 80% by Rp-cAMP (425 Ϯ 44 vs. 52 Ϯ 20 pmol/mg protein; P Ͻ 0.001) and wortmannin (425 Ϯ 39 vs. 70 Ϯ 30 pmol/mg protein; P Ͻ 0.001), whereas calphostin C and BAPTA did not significantly affect the PepT1 activity. Inhibitors without GIP treatment had no significant effect on PepT1 transport. These observations indicate that cAMP-and PI3K-mediated, but not PKC-and calmodulinmediated, signaling pathways regulate the GIP augmented PepT1 activity in intestinal epithelial cells. Rp-cAMP, an analog of cAMP, and BAPTA, a Ca 2ϩ chelator are specific for their targets, but calphostin C can inhibit PKA and PKG at higher concentrations. Nevertheless, the cAMP-mediated signaling occurs through both the Epac and PKA (21) . Experiments were, therefore, designed to distinguish whether the GIP mediated the PepT1 activation through Epac and/or PKA. In this study, the effect of 8-pCPT-2=-O-Me-cAMP-AM (a selective Epac agonist) and 8Br-cAMP (a selective PKA agonist) were examined on PepT1 activity. Since neither Epac nor PKA specific inhibitors were available, we used Epac and PKA specific activators in this study (25, 60) . As shown in Fig. 5A , similar to GIP, the Epac activator 8-pCPT-2=-O-Me-cAMP also activated PepT1 activity. 8-pCPT-2=-O-Me-cAMP exhibited concentration-dependent activation of PepT1 activity. Although the PepT1 activity was not significantly activated by 2 nM, 20 nM 8-pCPT-2=-O-Me-cAMP activated the PepT1 activity more than that of activation by 0.1 mM GIP (GIP vs. 20 nM 8-pCPT-2=-O-Me-cAMP: 630 Ϯ 78 vs. 701 Ϯ 18 pmol/mg protein). The PepT1 activity was activated 10-fold by 40 nM 8-pCPT-2=-O-Me-cAMP (Fig. 5A) . In contrast, the PKA activator 8-Br-cAMP did not activate the PepT1 activity (Fig. 5B ). These observations suggest that GIP may regulate the PepT1 activity through Epac signaling pathway.
Experiments were also performed to identify whether, in addition to Epac, the PI3K-dependent pathway has any role in PepT1 activity. Since wortmannin can also inhibit other pathways such as the polo-like kinase 1 (PLK1), further examination of the PI3K was performed. PI3K pathways include activation of AKT and downstream pathways that regulate cellular metabolism. As shown in Fig. 6 , AKT inhibitor-15 inhibited the Gly-Sar absorption in a dose-dependent manner.
Taken altogether, our results indicate that Epac and AKT, but not PKA, are involved in the signaling of GIP-dependent augmentation of PepT1 activity in IEC-6-CDX2 cells.
To determine the manner by which cAMP and PI3K signaling pathways increase PepT1 activity in the presence of GIP, surface biotinylation experiments were performed on IEC-6-CDX2 monolayers to assess changes in expression of PepT1 at the apical border. As shown in Fig. 7A , basolateral GIP increased PepT1 expression at the apical border of IEC-6-CDX2 cell monolayers. Furthermore, we found that Epac but not PKA agonists increase the apical expression of PepT1. AKT inhibitor 15 also showed a decrease apical expression of PepT1 as shown in Fig. 7B .
DISCUSSION
In previous studies we showed that GIP regulates both SGLT1-mediated glucose absorption and PepT1-mediated peptide absorption in mouse jejunum in a cAMP-dependent manner (10, 52) . However, the details of the cAMP-dependent signaling pathways involved in jejunal nutrient transport remain incompletely understood. Thus we initiated studies in a model of absorptive intestinal epithelium to study the signaling mechanisms involved in the augmentation of PepT1 activity by GIP. Our results demonstrate that GIPR activation regulates PepT1 by activating cAMP and PI3K-dependent pathways. We also found that downstream intermediates of PKA signaling pathways, notably Akt and Epac, increase Gly-Sar absorption by enhancing PepT1 expression in the apical membranes of IEC-6/CDX2 cells.
Since native IEC-6 cells only minimally transport nutrients, making analysis difficult, IEC-6 cells transfected with the CDX2 gene were used to produce cells that better resemble the function of villus cells in the jejunum (44) . CDX2 is a transcription factor that facilitates development, differentiation, and maintenance of intestinal epithelial cells (50, 51) . CDX2 transfected IEC-6 cells possess features of more differentiated villus cells with greater expression of nutrient transporters and an extensive brush border (44) . In the present study, we validated the IEC-6/CDX2 cell line as an appropriate model for the study of incretin-regulation of nutrient transport by demonstrating the presence and function of GIP and GLP-1 receptors as well as PepT1.
Expression of GIPRs has been shown in intestinal tissue (59) but only recently localized by our group to the basolateral membrane of villus cells (10) . Although GIP receptors exist in other cell types in the intestine to regulate motility and other functions (7), PepT1 expression on the basolateral membrane (1) suggests that GIP directly regulates PepT1 activity through a second messenger pathway. PepT1 activity itself has been shown to be sensitive to cAMP release (42) and to the PI3K pathway (46) . GIPRs utilize cAMP pathways to stimulate insulin secretion from pancreatic ␤ cells (18, 66) and calciumdependent as well as PI3K pathways have been described in other tissues (36, 66) .
As such, it was necessary for us to investigate each of the major second messenger pathways in the augmentation of PepT1 activity by GIP. The two most prominent second messenger pathways involve the cAMP and the calcium/inositol phosphate pathways. The cAMP pathway includes protein kinase A, an important intermediate that primarily regulates transcription and trafficking of channels and transporters like the cystic fibrosis transmembrane regulator (CFTR) and NHE3 by hormone action and other agents (39, 42, 65) . GIP appears to exert its effects specifically through Epac (30, 65) .
The calcium/inositol phosphate pathway leads to the activation of a number of isoforms of PKC, some of which are calcium dependent (61) . Although not all PKC isoforms are inhibited, calphostin C blocks calcium-dependent isoforms known to regulate intestinal Na:H and Cl:HCO 3 exchangers including PKCs ␦ and ⑀ (20, 29, 41, 48) . However, in the present study, calphostin C had no effect on PepT1 activity.
Calcium-calmodulin pathways also regulate an array of intestinal transporters (26, 31, 46) . Calmodulin kinase regulates SGLT1 and riboflavin transport as well as sodium and chloride absorption (4, 15, 47) . BAPTA, an intracellular calcium chelator, also failed to decrease GIP augmentation of PepT1 activity, thus eliminating participation of the calmodulin pathway and making the PKC pathway less likely.
For the cAMP messenger pathways there are several possible intermediates. The signaling could be activating PKA or Epac, and both pathways regulate intestinal epithelial transporters (23, 30, 40) . In this study, Epac was shown to increase PepT1 activity while PKA did not. GIP therefore in part increases PepT1 activity through the cAMP pathway via Epac rather that PKA. Epac is increasingly recognized as a key pathway for the regulation of intestinal nutrient transport.
The PI3K pathway is also utilized by hormones to regulate nutrient transporters in the intestine including PepT1 (3, 26, 46, 58) . AKT, a downstream intermediate of the PI3K pathway, stimulates growth and differentiation in the intestine and other tissues and is also a central metabolite in cell apoptosis, cell cycle regulation, and growth (37, 53) . AKT is known to activate other intestinal and renal nutrient transporters (33, 40) . GLP-1 and GIP activate the PI3K/AKT pathway to promote insulin secretion and the growth of pancreatic ␤ cells (7) . We found that inhibiting AKT also blocks GIP-augmented PepT1 activity and indicates that the PI3K pathway regulates the PepT1 protein.
An explanation for the existence of dual pathways of regulation may be that GIPR splice variants can act via different pathways simultaneously. Variants or other isoforms of the GIPR have been detected in other tissues (24, 66) . Indeed, in our previous studies, Western blots of jejunal tissue revealed a number of bands for the GIPR, but whether these represented splice variants has not been determined (10) ; if this is the case, the presence of multiple regulatory pathways might be expected (10, 24, 66) .
Having elucidated the major signaling pathways involved in the GIP-mediated PepT1 response, it is also important to determine how GIP alters PepT1 activity via downstream metabolites. Epac and AKT, major metabolites of the cAMP and PI3K pathways, respectively, were shown to be important in GIP augmentation of PepT1 activity.
Since the response is relatively rapid, a change in transcriptional activity is unlikely and thus there are two remaining possibilities: More PepT1 protein is trafficked to the apical membrane and/or the substrate turnover rate is increased. To examine these possibilities, Western blots were performed by use of biotinylation to isolate PepT1 proteins on the cell surface. Trafficking and insertion of PepT1 protein into the apical membrane appear to be the major mechanism by which GIPR signaling increases PepT1 activity. This is the first study in which two pathways appear to simultaneously regulate GIP activation in intestinal cells. There are several possibilities to explain this finding. First, there may be two entirely different pathways: the cAMP and the PI3 pathways may be distinct and activated by the same GIP receptor isoform. Second, there have been many reports of multiple transcripts of GIPR in other cells indicating that multiple isoforms could activate different pathways. Finally, there may actually not be two distinct pathways but a single pathway that overlaps to augment PepT1 activity. It appears that the PI3K pathway is necessary to augment PepT1 activity. Some reports indicate that the cAMP release activates the PI3 pathway whereas others show they are independent (56, 58) . Further studies will be necessary to clarify further these redundant signaling mechanisms.
When one consumes a meal, as nutrients are absorbed, GIP is released by K cells in the jejunum. GIP then performs at least two functions. First it enters the bloodstream to activate its receptors in pancreatic ␤ cells to stimulate insulin secretion to maintain proper glucose levels in the blood. Secondly, on the basis of our own research, the secreted GIP feeds back to stimulate absorption of glucose and dipeptides. GIP receptors have been found on villus cells and in the current study have now been shown to directly regulate dipeptide absorption. PepT1 activity would be elevated in the fed state when GIP is released and at its highest levels. For the same reason it would be reduced in the fasted state when GIP would be at its lowest level.
In conclusion, this is the first study of its kind to examine how GIP augments the absorption of dipeptides in an intestinal epithelium. GIP via GIPR activates two signaling pathways, the cAMP pathway through Epac and the PI3K pathway through Akt, to increase the trafficking of PepT1 proteins to the apical membrane. The result of this series of events would be to increase the absorption of dipeptides and tripeptides into the circulation upon feeding.
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